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Clinical PerspectiveWhat Is New?Acetylsalicylic acid (ASA) inhibits thromboxane A~2~ secretion of soluble CD40L (sCD40L)‐treated platelets stimulated by suboptimal doses of agonists.ASA has no effect on platelet sCD40L signaling.ASA inhibits the potentiating action of sCD40L on platelet aggregation, an effect related to inhibition of platelet shape change and myosin light chain phosphorylation.What Are the Clinical Implications?Elevated levels of plasma sCD40L in coronary patients may influence ASA efficiency.Targeting sCD40L signaling might have a therapeutic potential in coronary patients who are nonresponsive or less responsive to ASA.

Introduction {#jah34799-sec-0008}
============

Platelets play a key role in cardiovascular diseases, being at the center of atherothrombotic events and mediating thromboinflammatory responses that amplify atherosclerosis and subsequent clinical complications, including ischemic heart disease, acute coronary syndrome, myocardial infarction, and stroke.[1](#jah34799-bib-0001){ref-type="ref"}, [2](#jah34799-bib-0002){ref-type="ref"}, [3](#jah34799-bib-0003){ref-type="ref"} Therefore, antiplatelet agents have been the main focus of secondary prevention of cardiovascular diseases.[4](#jah34799-bib-0004){ref-type="ref"} Aspirin (acetylsalicylic acid \[ASA\]) is the most widely used antiplatelet drug for prevention of cardiovascular diseases; it reduces the risk of myocardial infarction, stroke, and cardiovascular death in a broad range of patients at high risk for future cardiovascular events.[5](#jah34799-bib-0005){ref-type="ref"}, [6](#jah34799-bib-0006){ref-type="ref"} Nevertheless, ASA prevents only ≈25% of coronary events and ischemic strokes when used in secondary prevention.[7](#jah34799-bib-0007){ref-type="ref"} ASA acts by irreversibly inhibiting cyclooxygenase‐1 enzyme that catalyzes the conversion of arachidonic acid to prostaglandins G1/G2, which are subsequently converted by thromboxane synthase to thromboxane A~2~.[8](#jah34799-bib-0008){ref-type="ref"} A large number of patients continue to experience thromboembolic events despite ASA therapy in a phenomenon known as "aspirin resistance," which could be attributable to several reasons such as drug interactions; ASA pharmacokinetics[9](#jah34799-bib-0009){ref-type="ref"}; or polymorphisms affecting several proteins such as cyclooxygenase‐1, thromboxane A~2~ synthesis machinery, and platelet receptors (α~IIb~β~3~, α~2~β~1~, glycoprotein Ib‐IX‐V).[10](#jah34799-bib-0010){ref-type="ref"}, [11](#jah34799-bib-0011){ref-type="ref"}, [12](#jah34799-bib-0012){ref-type="ref"}, [13](#jah34799-bib-0013){ref-type="ref"}, [14](#jah34799-bib-0014){ref-type="ref"}

Patients with inflammatory diseases exhibit higher‐than‐expected rates of ischemic cardiovascular events that are not attributable to traditional risk factors but rather to inflammatory stimuli that trigger pathways partaking in the pathogenesis of atherosclerosis.[15](#jah34799-bib-0015){ref-type="ref"}, [16](#jah34799-bib-0016){ref-type="ref"} Patients who are resistant to antiplatelet therapy have a hyperactive platelet phenotype,[17](#jah34799-bib-0017){ref-type="ref"}, [18](#jah34799-bib-0018){ref-type="ref"} which may be related to elevated levels of circulating primers.[19](#jah34799-bib-0019){ref-type="ref"}, [20](#jah34799-bib-0020){ref-type="ref"}, [21](#jah34799-bib-0021){ref-type="ref"} Platelet primers do not stimulate platelet activation, but, in combination with physiologic stimuli, significantly enhance platelet function.[22](#jah34799-bib-0022){ref-type="ref"} One of these remarkable primers is the thromboinflammatory mediator CD40L and its classical receptor CD40,[23](#jah34799-bib-0023){ref-type="ref"}, [24](#jah34799-bib-0024){ref-type="ref"} which have gained significant attention for their involvement in the pathogenesis of inflammation, atherosclerosis, and atherothrombosis.[25](#jah34799-bib-0025){ref-type="ref"}, [26](#jah34799-bib-0026){ref-type="ref"}, [27](#jah34799-bib-0027){ref-type="ref"}

CD40L, also known as CD154 or gp39, is a type II transmembrane protein and a member of the tumor necrosis factor gene superfamily. It is expressed on a broad range of cells, mainly T cells and platelets.[25](#jah34799-bib-0025){ref-type="ref"} Like other members of the tumor necrosis factor family, CD40L has a soluble form (sCD40L) that is mainly produced by platelets. This molecule was initially thought to be solely implicated in immune and inflammatory responses,[28](#jah34799-bib-0028){ref-type="ref"} as it was mostly expressed by immune cells.[29](#jah34799-bib-0029){ref-type="ref"} However, CD40L has a much broader role. In particular, we have previously shown that enhanced levels of sCD40L exacerbate platelet activation and aggregation through the CD40/tumor necrosis factor receptor‐associated factor 2/Ras‐related C3 botulinum toxin substrate 1/p38 MAPK (p 38 mitogen‐activated protein kinase) signaling pathways.[30](#jah34799-bib-0030){ref-type="ref"} More recently, we have also shown that the priming action of sCD40L on platelets involves nuclear factor kappa B (NF‐κB),[31](#jah34799-bib-0031){ref-type="ref"} a central mediator of inflammation linked to thrombotic processes,[32](#jah34799-bib-0032){ref-type="ref"} in a CD40‐ and transforming growth factor‐β--activated kinase 1 (TAK1)‐dependent manner.[33](#jah34799-bib-0033){ref-type="ref"}

Although CD40L has an important role as a platelet primer through its pronounced enhancement of platelet activation and aggregation in response to suboptimal concentrations of agonists, its effect may influence the antiplatelet efficiency of ASA. Henceforth, the objective of the present study was to determine the effect of ASA on CD40L in platelet signaling, secretion, and aggregation.

Methods {#jah34799-sec-0009}
=======

The data, analytic methods, and study materials will be made available upon request from the corresponding author to other researchers for the purpose of reproducing the results or replicating the procedure.

Preparation of Human Platelets {#jah34799-sec-0010}
------------------------------

Venous blood was drawn from healthy volunteers, free from medication known to interfere with platelet function for at least 3 weeks before the experiment. All participants provided written informed consent, according to a protocol that was approved by the Human Ethical Committee of the Montreal Heart Institute, in accordance with the declaration of Helsinki for experiments involving humans. Washed platelets were prepared as previously described.[30](#jah34799-bib-0030){ref-type="ref"}, [31](#jah34799-bib-0031){ref-type="ref"} Briefly, platelet‐rich plasma was obtained by centrifugation of acid‐citrate‐dextrose anticoagulated blood. Platelets were then pelleted from platelet‐rich plasma, to which 1 μg/mL of prostaglandin E~1~ was added, washed with Hank\'s Balanced Salt Solution--Hank\'s sodium citrate buffer, and finally resuspended in Hank\'s Balanced Salt Solution --Hank\'s buffer containing 2 mmol/L MgCl~2~ and 2 mmol/L CaCl~2~. Platelets were rested at 37°C for at least 30 minutes before further manipulation.

Measurement of Thromboxane A~2~ {#jah34799-sec-0011}
-------------------------------

The stable hydrolysis product of thromboxane A~2~, thromboxane B~2~, was used as a readout of thromboxane A~2~ production. It was measured using a commercial thromboxane B~2~ ELISA kit (R&D Systems, Minneapolis, MN). Platelet samples from the aggregation reactions were quenched at 5 minutes with 2 μmol/L indomethacin and 5 mmol/L EDTA to inhibit further production of thromboxane A~2~. Samples were centrifuged (5 minutes, 200*g* at 4°C) and the supernatant was removed and stored at −80°C for subsequent analysis.

Phosphorylation of p38‐MAPK, NF‐κB, TAK‐1, and MLC {#jah34799-sec-0012}
--------------------------------------------------

Western blots were performed to assess the phosphorylation levels of p38‐MAPK, NF‐κB, TAK‐1, and MLC. Briefly, platelets (1000×10^6^/mL) were stimulated as indicated and lysed immediately by the addition of 1/4 volume of 4XSDS‐PAGE loading buffer containing 5% β‐mercaptoethanol. All samples were boiled for 5 minutes. Protein lysates were then resolved in 10% SDS‐PAGE gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk for 1 hour, washed 3 times with TBS‐T (150 mmol/L NaCl, 20 mmol/L Tris, pH 7.4, 0.1% Tween‐20) and incubated with appropriate primary antibody overnight at 4°C. We used primary antibodies against phospho‐p38‐MAPK^threonine\ 180/182^, phospho‐IκBα^serine\ 32/36^, phospho‐TAK1^threonine\ 184/187^, phospho‐MLC^serine\ 19\ threonine\ 18^, MLC, and β‐actin (Cell Signaling Technology, Danvers, MA). Following washing steps, membranes were labeled with horseradish peroxidase--conjugated secondary antibody for 1 hour, washed, and bound peroxidase activity was detected by enhanced chemiluminescence (PerkinElmer Life Sciences, Hopkinton, MA). All membranes were stripped and reprobed for β‐actin, a commonly chosen loading control. Data were presented as ratios of phosphorylated proteins to respective β‐actin.

Measurement of Platelet Aggregation {#jah34799-sec-0013}
-----------------------------------

We monitored aggregation of washed human platelets on a 4‐channel optical aggregometer (Chrono‐Log Corp., Havertown, PA) under shear (1000 rpm) at 37°C. Platelet suspensions (250×10^6^/mL) were pretreated with ASA (30 μmol/L; Tocris Bioscience, St Louis, MO)[8](#jah34799-bib-0008){ref-type="ref"}, [34](#jah34799-bib-0034){ref-type="ref"} or ML7 (selective inhibitor of MLC kinase, 50 μmol/L; Tocris Bioscience)[35](#jah34799-bib-0035){ref-type="ref"} for 5 minutes followed by treatment with sCD40L (1000 ng/mL, R&D Systems) for 30 minutes at 37°C.[33](#jah34799-bib-0033){ref-type="ref"} After that, platelet aggregation was triggered by a suboptimal dose of collagen (0.25±0.1 μg/mL, Chrono‐Log Corp.), or α‐thrombin (0.025±0.01 U/mL, Sigma‐Aldrich, St Louis, MO). The suboptimal dose of agonist that does not induce \>30% aggregation was selected before each experiment from a dose‐response curve of platelet aggregation in response to collagen or thrombin (Figure [S1](#jah34799-sup-0001){ref-type="supplementary-material"}). Traces were recorded until stabilization of platelet aggregation.[30](#jah34799-bib-0030){ref-type="ref"}, [31](#jah34799-bib-0031){ref-type="ref"}, [36](#jah34799-bib-0036){ref-type="ref"}

Statistical Analysis {#jah34799-sec-0014}
--------------------

Statistical analysis was performed using SPSS Statistics 25 (IBM Corporation, Armonk, NY. Results are presented as median±interquartile range. Statistical comparisons were done using the Kruskal--Wallis test followed by Dunn\'s post hoc test. The specific statistical tests used, the median of data, the number of experiments, and the *P* values are specified in the figure legends. A *P*\<0.05 was considered statistically significant.

Results {#jah34799-sec-0015}
=======

ASA Inhibits Thromboxane A~2~ Secretion Induced by sCD40L {#jah34799-sec-0016}
---------------------------------------------------------

We investigated whether sCD40L increases thromboxane A~2~ formation and whether ASA might reverse this effect. In unstimulated platelets, the production of thromboxane A~2~ (4.5±3.1 ng/mL) was unaffected by sCD40L in the presence or absence of ASA (Figure [1](#jah34799-fig-0001){ref-type="fig"}A). In stimulated platelets, the production of thromboxane A~2~ increased to 15.7±6.3 ng/mL in response to a suboptimal concentration of collagen (Figure [1](#jah34799-fig-0001){ref-type="fig"}C), which was reduced significantly by 5‐fold to 3.5±3.1 in the presence of ASA. Likewise, thromboxane A~2~ levels remain unchanged (5.9±3.9 ng/mL) with ASA pretreatment in response to a suboptimal concentration of thrombin (Figure [1](#jah34799-fig-0001){ref-type="fig"}B). However, sCD40L significantly elevated thromboxane A~2~ production in platelets in the presence of suboptimal doses of collagen (23.2±8.1 ng/mL; Figure [1](#jah34799-fig-0001){ref-type="fig"}C) and thrombin (24.2±7.9 ng/mL, Figure [1](#jah34799-fig-0001){ref-type="fig"}B), an effect that was completely reversed by ASA.

![ASA inhibits sCD40L‐induced thromboxane B~2~ formation in platelets in response to a suboptimal dose of agonists. Washed human platelets (250×10^6^/mL) were left untreated or pretreated with ASA (30 μmol/L) for 5 minutes at 37°C. They were then stimulated with sCD40L (1000 ng/mL) or not for 30 minutes. Platelets were left unstimulated (**A**) or challenged with a suboptimal dose of thrombin (0.025±0.01 U/mL) (**B**) or collagen (0.25±0.1 μg/mL) (**C**). Aggregation was stopped with indomethacin (2 μmol/L) 5 minutes following the adding of suboptimal doses of agonists. Platelets were centrifuged at 14 000*g* for 5 minutes at 4°C and supernatant was collected. Thromboxane B~2~ in the supernatant was then measured using a thromboxane B~2~ ELISA kit. (n=10, median±IQR). \**P*\<0.05 vs other treatements (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; sCD40L, soluble CD40L.](JAH3-9-e013396-g001){#jah34799-fig-0001}

ASA Does Not Affect CD40L Signaling {#jah34799-sec-0017}
-----------------------------------

We have previously shown that NF‐κB, p38‐MAPK, and TAK1 are required for sCD40L‐induced platelet activation and potentiation of platelet aggregation.[30](#jah34799-bib-0030){ref-type="ref"}, [31](#jah34799-bib-0031){ref-type="ref"}, [33](#jah34799-bib-0033){ref-type="ref"} We aimed to verify whether the impact of ASA passes via modulation of sCD40L signaling in platelets. To this end, we assessed the phosphorylation levels of IκBα (Figure [2](#jah34799-fig-0002){ref-type="fig"}), p38‐MAPK (Figure [3](#jah34799-fig-0003){ref-type="fig"}), and TAK1 (Figure [4](#jah34799-fig-0004){ref-type="fig"}). We have first shown that sCD40L induced robust phosphorylations of IκBα, p38‐MAPK, and TAK1, which were not affected by the addition of suboptimal concentrations of collagen or thrombin. Treatment of platelets with ASA had no impact on the phosphorylation of those proteins, either following sCD40L stimulation alone or with sCD40L and a suboptimal dose of collagen or thrombin.

![ASA does not affect NF‐κB activation by sCD40L. Washed human platelets (1000×10^6^/mL) were pretreated or not with ASA (30 μmol/L) for 10 minutes, then stimulated with sCD40L (1000 ng/mL) and thrombin (0.025 U/mL) or collagen (0.25 μg/mL) for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for p‐IκBα. The actin blot is from stripped membranes of the p‐IκBα blot. Histograms represent the median of blot data, expressed in optical density (n=4, median±IQR). \**P*\<0.01 vs. control (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; NF‐κB, nuclear factor kappa B; sCD40L, soluble CD40L.](JAH3-9-e013396-g002){#jah34799-fig-0002}

![ASA does not affect p38‐MAPK activation by sCD40L. Washed human platelets (1000×10^6^/mL) were pretreated or not with ASA (30 μmol/L) for 10 minutes, then stimulated with sCD40L (1000 ng/mL) and thrombin (0.025 U/mL) or collagen (0.25 μg/mL) for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for p‐p38‐MAPK. The actin blot is from stripped membranes of the p‐p38‐MAPK blot. Histograms represent the median of blot data, expressed in optical density (n=4, median±IQR). \**P*\<0.01 vs control (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; p38‐MAPK, p38 mitogen‐activated protein kinase; sCD40L, soluble CD40L.](JAH3-9-e013396-g003){#jah34799-fig-0003}

![ASA does not affect TAK1 activation by sCD40L. Washed human platelets (1000×10^6^/mL) were pretreated or not with ASA (30 μmol/L) for 10 minutes, then stimulated with sCD40L (1000 ng/mL) and thrombin (0.025 U/mL) or collagen (0.25 μg/mL) for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for p‐TAK1. Actin blot is from stripped membranes of p‐TAK1 blot. Histograms represent the median of blot data, expressed in optical density (n=4, median±IQR). \**P*\<0.01 vs. control (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; sCD40L, soluble CD40L; TAK1, transforming growth factor‐β--activated kinase 1.](JAH3-9-e013396-g004){#jah34799-fig-0004}

ASA Reduces the Effect of CD40L on Platelet Aggregation {#jah34799-sec-0018}
-------------------------------------------------------

sCD40L alone was unable to induce platelet aggregation (Figure [5](#jah34799-fig-0005){ref-type="fig"}A), but potentiated platelet aggregation in combination with suboptimal doses of collagen (Figure [5](#jah34799-fig-0005){ref-type="fig"}B) or thrombin (Figure [5](#jah34799-fig-0005){ref-type="fig"}C). Interestingly, the effect of sCD40L in potentiating platelet aggregation was completely reversed by ASA in response to a suboptimal dose of collagen (Figure [5](#jah34799-fig-0005){ref-type="fig"}B). However, the potentiating impact of sCD40L on platelet aggregation was significantly reduced by ≈50% by ASA when sCD40L‐pretreated platelets were stimulated with a suboptimal dose of thrombin (Figure [5](#jah34799-fig-0005){ref-type="fig"}C). Furthermore, only the effect of ASA in response to collagen and sCD40L was associated with complete inhibition of platelet shape change (Figure [5](#jah34799-fig-0005){ref-type="fig"}B, red and green aggregation traces) that precedes the onset of the aggregation process.

![Effects of sCD40L and ASA on platelet aggregation in response to suboptimal doses of agonists. Washed human platelets (250×10^6^/mL) were left untreated or pretreated with ASA (30 μmol/L) for 5 minutes at 37°C. In (**A**) sCD40L (1000 ng/mL) was used as the platelet agonist, whereas in **B** and **C**, platelets were preincubated with sCD40L or not for 30 minutes. Platelet aggregation was induced with suboptimal doses of collagen (0.25 μg/mL, **B**) or thrombin (0.025 U/mL, **C**). Histograms represent medians of aggregation percentages (n=25, median±IQR). \**P*\<0.01 vs other treatments (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; sCD40L, soluble CD40L.](JAH3-9-e013396-g005){#jah34799-fig-0005}

Involvement of MLC in ASA Action {#jah34799-sec-0019}
--------------------------------

To gain insight into the observed effect of ASA on platelet shape change in response to collagen, we assessed the phosphorylation of MLC, a regulator of the dynamic remodeling of the actin cytoskeleton required for shape change.[37](#jah34799-bib-0037){ref-type="ref"}, [38](#jah34799-bib-0038){ref-type="ref"}, [39](#jah34799-bib-0039){ref-type="ref"} As shown in Figure [6](#jah34799-fig-0006){ref-type="fig"}, ASA inhibits MLC phosphorylation induced by a suboptimal aggregating dose of collagen in sCD40L‐treated platelets. However, in sCD40L‐treated platelet stimulated with a suboptimal dose of thrombin, ASA had no significant effect. To understand the impact of such findings on platelet function, we used ML7, a selective inhibitor of MLC kinase, in platelet aggregation tests. A concentration of 50 μmol/L of ML7 was able to abolish MLC activation in platelets (Figure [S2](#jah34799-sup-0001){ref-type="supplementary-material"}). ML7 inhibited platelet aggregation and shape change when platelets were stimulated with suboptimal doses of collagen (Figure [7](#jah34799-fig-0007){ref-type="fig"}A) or thrombin (Figure [7](#jah34799-fig-0007){ref-type="fig"}B), thereby preventing the potentiating action of sCD40L on platelet aggregation. Finally, similar to ASA, ML7 had no effect on the phosphorylation of IκBα, p38‐MAPK, and TAK1 (Figure [8](#jah34799-fig-0008){ref-type="fig"}).

![ASA inhibits MLC phosphorylation in platelets stimulated with collagen but not thrombin. Washed human platelets (1000×10^6^/mL) were pretreated or not with ASA (30 μmol/L) for 10 minutes, then stimulated with sCD40L (1000 ng/mL). Aggregation was triggered with suboptimal doses of thrombin (0.025 U/mL) or collagen (0.25 μg/mL). Platelet lysates were resolved in 15% SDS--PAGE and assessed for p‐MLC. The MLC blot is from stripped membranes of the p‐MLC blot. Histograms represent the median of blot data, expressed in optical density (n=4, median±IQR). \**P*\<0.01 vs. control (Kruskal--Wallis followed by Dunn\'s post hoc test). ASA indicates acetylsalicylic acid; IQR, interquartile range; MLC, myosin light chain; sCD40L, soluble CD40L.](JAH3-9-e013396-g006){#jah34799-fig-0006}

![Effect of ML7 on the potentiating action of sCD40L on platelet aggregation. Washed human platelets (250×10^6^ platelets/mL) were left untreated or pretreated with ML7 (50 μmol/L) for 5 minutes at 37°C. They were preincubated with sCD40L or not (1000 ng/mL) for 30 minutes. Platelet aggregation was induced with suboptimal doses of collagen (0.25 μg/mL, **A**) or thrombin (0.025 U/mL, **B**). Histograms represent medians of aggregations (n=9, median±IQR). \**P*\<0.01 vs. other treatments (Kruskal--Wallis followed by Dunn\'s post hoc test). IQR indicates interquartile range; ML7, selective inhibitor of myosin light chain kinase; sCD40L, soluble CD40L.](JAH3-9-e013396-g007){#jah34799-fig-0007}

![ML7 has no effect on sCD40L signaling. Washed human platelets (1000×10^6^/mL) were pretreated or not with ML7 (50 μmol/L) for 5 minutes, then left untreated or stimulated with sCD40L (1000 ng/mL) for 5 minutes. Platelet lysates were resolved in 10% SDS--PAGE and assessed for p‐TAK1 and stripped for p‐IκBα, p‐p38, and actin. Histograms represent the median of blot data, expressed in optical density (n=5, median±IQR). \**P*\<0.01 vs. control (Kruskal--Wallis followed by Dunn\'s post hoc test). IQR indicates interquartile range; ML7, selective inhibitor of myosin light chain kinase; sCD40L, soluble CD40L; TAK1, transforming growth factor‐β--activated kinase 1.](JAH3-9-e013396-g008){#jah34799-fig-0008}

Discussion {#jah34799-sec-0020}
==========

In this study, we hypothesized that elevated levels of sCD40L, like those found in the circulation of coronary patients, attenuate the efficacy of antiplatelet drugs. As such, combating the influence of sCD40L on platelet activity might improve antiplatelet efficacy. To address our hypothesis, we assessed the effects of ASA on sCD40L‐induced signaling, secretion, and aggregation of unstimulated and primed platelets with suboptimal concentrations of physiological agonists, thrombin, and collagen. We found that ASA is highly effective in completely reversing the potentiating effect of sCD40L on platelet aggregation in response to collagen. However, the response of sCD40L in response to thrombin was only partially reduced. Such effect was independent of sCD40L signaling via NF‐κB, p38‐MAPK or TAK1, but related to inhibition of MLC phosphorylation and platelet shape change in response to collagen of sCD40L‐primed platelets.

The priming role of sCD40L, which significantly potentiated the aggregation in accordance with our previous studies,[30](#jah34799-bib-0030){ref-type="ref"}, [31](#jah34799-bib-0031){ref-type="ref"}, [33](#jah34799-bib-0033){ref-type="ref"} was completely reversed by ASA when platelets were stimulated with collagen. However, sCD40L was able to partially but significantly overcome the inhibitory effect of ASA when aggregation was induced with suboptimal doses of thrombin. This could be explained by the ability of ASA to inhibit the effects of collagen on platelets, which relies principally on thromboxane A~2~,[40](#jah34799-bib-0040){ref-type="ref"} whereas thrombin is known to be a potent platelet activator[41](#jah34799-bib-0041){ref-type="ref"}, [42](#jah34799-bib-0042){ref-type="ref"} independently of thromboxane A~2~. Indeed, despite dual therapies with antagonists of ADP receptors and ASA, a large number of patients with acute coronary syndrome experience recurrent major cardiovascular ischemic events attributable to markers of thrombin activation remaining high after an acute coronary syndrome.[43](#jah34799-bib-0043){ref-type="ref"}, [44](#jah34799-bib-0044){ref-type="ref"} This suggests sustained platelet activation through a thrombin‐mediated mechanism.[45](#jah34799-bib-0045){ref-type="ref"} Interestingly, the effect of ASA was related to inhibition of collagen‐induced platelet shape changes, which frequently occur even when platelets are exposed to minimal degrees of activation that cannot result in aggregation or adhesion, such as suboptimal concentrations of platelet agonists or shear stress.[46](#jah34799-bib-0046){ref-type="ref"} The effect of ASA on platelet shape changes correlated with its effect on MLC phosphorylation, a key protein player in the process.[37](#jah34799-bib-0037){ref-type="ref"}, [38](#jah34799-bib-0038){ref-type="ref"}, [39](#jah34799-bib-0039){ref-type="ref"} ASA pretreatment also inhibited shape change in response to a suboptimal concentration of collagen, but not thrombin, and in the presence or absence of CD40L.This indicates that ASA attenuates collagen signaling through inhibition of MLC. This was further confirmed with ML7, a selective inhibitor of MLC kinase, whereby we observed that MLC inhibition does not interfere with sCD40L signaling. Furthermore, ML7 was able to inhibit the potentiating action of sCD40L in response to suboptimal doses of collagen and thrombin. In fact, MLC is major player in platelet activation and aggregation.[47](#jah34799-bib-0047){ref-type="ref"}, [48](#jah34799-bib-0048){ref-type="ref"} However, ASA had no effect on MLC activation in thrombin‐stimulated platelets, which translated to maintained shape change and sCD40L‐potentiation action in the aggregation process. This could be explained by the ability of thrombin to induce shape change in a thromboxane A~2~--independent manner. By measuring thromboxane B~2~ secretion, we observed that sCD40L is capable of enhancing thromboxane A~2~ secretion in response to suboptimal doses of agonists. Thus, CD40L, aside from being able to enhance platelet alpha‐granule release,[24](#jah34799-bib-0024){ref-type="ref"} can also amplify thromboxane A~2~ secretion. This observation is consistent with the results of a previous study where other platelet primers also enhanced thromboxane A~2~ secretion.[34](#jah34799-bib-0034){ref-type="ref"} Interestingly, following inhibition with ASA, sCD40L maintains its ability to trigger platelet aggregation in response to suboptimal doses of thrombin indicating that the priming action of sCD40L is independent of thromboxane A~2~. In fact, one of the proposed mechanisms by which ASA resistance develops is via activation of alternative signaling pathways that are thromboxane A~2~ independent.[49](#jah34799-bib-0049){ref-type="ref"} Also, our results demonstrate that this resistance may be explained by the fact that ASA does not affect sCD40L signaling. Indeed, ASA seems to have an indirect effect on preventing sCD40L potentiation action in platelet aggregation; as shown, unlike thrombin, which induces thromboxane A~2~--independent aggregation, collagen\'s action, which is thromboxane A~2~ dependent, is inhibited by ASA.[50](#jah34799-bib-0050){ref-type="ref"} Furthermore, it has been reported that ASA inhibits sCD40L release in collagen‐stimulated platelets of patients undergoing ASA treatments but does not affect the release of sCD40L when platelets of those patients are stimulated with a protease‐activated receptor agonist, which acts similarly to thrombin.[51](#jah34799-bib-0051){ref-type="ref"}, [52](#jah34799-bib-0052){ref-type="ref"} In addition, it has been shown that, in response to a protease‐activated receptor agonist, ASA does not influence the release of platelet inflammatory mediators (P‐selectin and sCD40L) in patients with acute stroke, while it does in healthy volunteers.[53](#jah34799-bib-0053){ref-type="ref"} In our in vitro study, the use of sCD40L‐stimulated platelets reflects a pathological state, similar to that observed in coronary or stroke patients, where ASA is less effective in response to thrombin. Our results with thromboxane A~2~ production corroborate previous findings obtained with sCD40L, as ASA inhibits the release of thromboxane A~2~ in collagen‐ but not thrombin‐stimulated platelets. This may also explain why the potentiation of aggregation in sCD40L‐primed platelets was inhibited after collagen but not thrombin stimulation. Our previous work showed that sCD40L signaling in platelets is transduced through 2 pathways: the CD40/TAK1/NF‐κB pathway[31](#jah34799-bib-0031){ref-type="ref"}, [33](#jah34799-bib-0033){ref-type="ref"} and the Ras‐related C3 botulinum toxin substrate 1/p38‐MAPK.[30](#jah34799-bib-0030){ref-type="ref"} These pathways remained activated when ASA‐treated platelets were stimulated with sCD40L, indicating that sCD40L‐mediated resistance to ASA is dependent on TAK1, NF‐κB, and p38‐MAPK.

To translate our findings to a clinical setting, our results suggest that patients undergoing antiplatelet therapy that blocks thromboxane A~2~ formation are not totally protected from the platelet priming impact of sCD40L, whose elevated levels might reduce the efficacy of such therapies. Thus, revealing the priming mechanisms of the CD40L/CD40 axis in platelet function may help to identify molecular targets in its signaling pathways that may emerge as innovative preventive treatments in coronary patients with elevated circulating levels of sCD40L. The major clinical outcome is to improve the management of atherothrombotic events in patients with coronary artery disease that are nonresponsive or less responsive to conventional antiplatelet therapies. This will add significant value to the healthcare system beyond current prevention programs and existing traditional therapies in coronary artery disease. Indeed, prospective studies may be planned in patients with metabolic syndrome at high risk of coronary artery disease and presenting with high levels of circulating sCD40L. In addition, it would be also beneficial to surmise finding a subgroup of patients who are nonresponsive or less responsive to antiplatelet therapies and whose platelets can be manipulated in vitro with an experimental treatment that interferes with the sCD40L/CD40 axis. The receptor CD40, its adaptor protein tumor necrosis factor receptor‐associated factor 2, the downstream effectors TAK1/NF‐κB, and Ras‐related C3 botulinum toxin substrate/p38‐MAPK have been involved in the sCD40L/CD40 axis. However, the specific pathways that can be targeted pharmacologically in platelets without affecting other physiological functions are yet to be identified and characterized in further studies.

We recognize that this study has some limitations that should be mentioned, as previously described.[33](#jah34799-bib-0033){ref-type="ref"} sCD40L is released in humans in vivo in thrombotic conditions, although it attains circulating concentrations lower than those required in vitro to prime platelets. Indeed, at least 100 ng/mL of sCD40L was necessary to induce platelet NF‐κB activation, whereas the levels of sCD40L in the circulating blood are ≈1 to 5 ng/mL and increase 10‐fold up to 50 ng/mL in patients with diabetes mellitus or thrombotic events.[54](#jah34799-bib-0054){ref-type="ref"}, [55](#jah34799-bib-0055){ref-type="ref"} However, the level of sCD40L is predicted to be higher at the site of vascular injury. Indeed, the environment that forms in the gaps between aggregated platelets and the injured vessel wall might allow attaining active higher localized concentrations[56](#jah34799-bib-0056){ref-type="ref"} than those found in the circulation.

In conclusion, ASA does not affect platelet sCD40L signaling but prevents its effect on thromboxane A~2~ secretion and platelet aggregation in response to collagen, via a mechanism implying inhibition of platelet shape change and MLC phosphorylation. Elevated levels of sCD40L in the blood of coronary patients may attenuate ASA efficiency. Targeting sCD40L axis in platelets may, therefore, have a therapeutic potential in patients with elevated levels of CD40L and who are nonresponsive or less responsive to ASA.
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**Figure S1.** Dose‐response curve of platelet aggregation in response to collagen and thrombin.

**Figure S2.** Washed human platelets (1000×10^6^/mL) were treated with several concentrations of ML7 for 5 minutes at 37°C, and then stimulated with 1000 ng/mL of sCD40L for 10 minutes.
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Click here for additional data file.
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